Few data exist on somatic mutation in the epithelial cell lineages that play a central role in human biology and disease. To delineate the ''landscape'' of somatic mutation in a human epithelial cell lineage, we determined the frequency and molecular nature of somatic mutations occurring in vivo in the X-linked HPRT gene of kidney tubular epithelial cells. Kidney epithelial mutants were frequent (range 0.5 to 4.2 ؋ 10 ؊4 ) and contained a high proportion of unreported HPRT base substitutions, ؊1-bp deletions and multiple mutations. This spectrum of somatic mutation differed from HPRT mutations identified in human peripheral blood T lymphocytes and from germ-line HPRT mutations identified in LeschNyhan syndrome or hyperuricemia patients. Our results indicate that DNA damage and mutagenesis may have unusual or mechanistically interesting features in kidney tubular epithelium, and that somatic mutation may play a more important role in human kidney disease than has been previously appreciated.
Few data exist on somatic mutation in the epithelial cell lineages that play a central role in human biology and disease. To delineate the ''landscape'' of somatic mutation in a human epithelial cell lineage, we determined the frequency and molecular nature of somatic mutations occurring in vivo in the X-linked HPRT gene of kidney tubular epithelial cells. Kidney epithelial mutants were frequent (range 0.5 to 4.2 ؋ 10 ؊4 ) and contained a high proportion of unreported HPRT base substitutions, ؊1-bp deletions and multiple mutations. This spectrum of somatic mutation differed from HPRT mutations identified in human peripheral blood T lymphocytes and from germ-line HPRT mutations identified in LeschNyhan syndrome or hyperuricemia patients. Our results indicate that DNA damage and mutagenesis may have unusual or mechanistically interesting features in kidney tubular epithelium, and that somatic mutation may play a more important role in human kidney disease than has been previously appreciated.
E
pithelial cells constitute 60% of differentiated human cell types and are the source of 85% of adult cancers (ref. 1 and http:͞͞www.cancer.org͞eprise͞main͞docroot͞STT͞content͞ STT1x2001FactsandFigures.pdf). Despite their importance in normal biology and disease pathogenesis, remarkably few data exist on either the frequency or the molecular spectrum of somatic mutation in human epithelial cell lineages. To delineate the somatic mutational ''landscape'' of a human epithelial cell lineage-the quantitative and molecular aspects of somatic mutation as a function of age-we used primary epithelial cell cloning and DNA sequencing to characterize somatic mutation in vivo in the X-linked HPRT gene of kidney cortical tubular epithelial cells.
In initial work we demonstrated that primary tubular epithelial cell clones could be grown directly from human kidney tissue. We also showed that mutant tubular epithelial cells, recovered by growth in the purine analogue 6-thioguanine (TG), were surprisingly frequent (range 0.5 to 24 ϫ 10 Ϫ4 ). Mutant frequency among 80 donors of ages 3-94 yr increased Ϸ1%͞yr of donor age and was Ն 10-fold higher in kidney than in peripheral blood T lymphocytes of normal, age-matched donors (2) (3) (4) (5) (6) (7) (8) (9) . Most TG-resistant kidney tubular epithelial cells from single donors contained different HPRT mutations, thus establishing a close correspondence between mutant and mutation frequencies (2, 3, 10) .
To provide a more detailed picture of the quantitative and molecular features of in vivo somatic mutation in human kidney tubular epithelial cells, we determined the frequency and molecular spectrum of HPRT mutations in 96 TG-resistant mutants from 19 kidney tissue donors. We have also compared kidney mutations with somatic HPRT mutations identified in human peripheral blood T lymphocytes (5-9) or with germline HPRT mutations identified in Lesch-Nyhan (LN) syndrome or hyperuricemia (HRH) patients (11) . The high frequency and unusual spectrum of HPRT mutations in TGresistant tubular epithelial cells indicate that DNA damage or mutagenesis may have unusual or mechanistically interesting features in kidney, and that somatic mutation may play a more important role in human renal disease pathogenesis than had been previously appreciated.
Materials and Methods
Cell Culture. Control and TG-resistant primary kidney tubular epithelial cell clones were grown from kidney tissue as described (2) . Tissue was obtained from unused transplant kidneys (n ϭ 8; Northwest Kidney Center, Seattle) or as normal tissue from nephrectomy kidneys (n ϭ 11; University of Washington Hospital, Seattle, and Swedish Hospital, Seattle). None of the tissue donors had received prior radiation or chemotherapy. Mutants were recovered by cell growth for 18-21 days in the presence of 60 M (10 g͞ml) TG. All kidney tissue was collected and used under approval of the University of Washington Human Subjects Review Board.
HPRT Mutation Analysis. Nucleic acid isolation and HPRT cDNA amplification from TG-resistant or control cell clones were performed as described (2) . The complete 9-exon, 657-bp HPRT ORF of reverse transcriptase-PCR (RT-PCR) products was directly sequenced, and mutations were verified by sequencing both DNA strands. Exon skip͞exclusion mutations identified in RT-PCR products were further characterized by amplifying and sequencing skipped or excluded exons and their splice junctions from genomic DNA. The HPRT primers used for amplification and sequencing are shown in Table 5 , which is published as supporting information on the PNAS web site, www.pnas.org, or have been described (12) . DNA sequencing was performed by using Big Dye or Rhodamine Dye Terminator Cycle Sequencing kits (Applied Biosystems͞Perkin-Elmer Cetus). Sequencing reactions were purified on Centri-sep columns (Princeton Separations, Adelphia, NJ) before analysis on an Applied Biosystems Prism model 377 sequencer. Mutations are reported here following guidelines of the Nomenclature Working Group (13) and have been referenced to the ''sense'' (coding or mRNA equivalent) strand of the human HPRT cDNA (14) or the HPRT gene (15) .
Statistical Analyses. The association of multiply mutant clones with donor age, gender, or donor type was examined by using the Wilcoxon test (age) or the Fisher exact test (gender and donor type, i.e., transplant vs. nephrectomy). A Monte Carlo method was used to determine whether the same base substitution, e.g., an AϾG transition, occurred more often in multiply mutant clones than would be expected by chance alone, given the observed distribution of base substitutions in all mutants. Expected distributions for the number of matching substitutions out of the observed total of six multiple substitution mutation pairs were generated by repeatedly drawing six pairs of base substitutions (with replacement) from the observed distribution of kidney base substitution types (Table 1 ). This expected distribution was then compared with observed data to obtain the P value.
The distribution of distances between mutations in multiply mutant clones was analyzed by comparing the observed distribution against the distribution expected under the assumption that multiple mutations were generated uniformly and independently in the HPRT gene. An initial (expected hypothetical) distribution was generated by determining the distance between single nucleotide mutation pairs within mutants for 50,000 simulated data sets each comprising seven multiply mutant clones (six clones with pairs of mutations, and one clone with four mutations). This distribution was generated by using mutations occurring anywhere along 40 kb of the HPRT gene under the assumptions of uniformity and independence. The HPRT gene sequence was then used to generate an expected observable distribution based on 50,000 data sets generated as described above with the exception that only observable mutations, i.e., those falling in HPRT exons, were included. This expected observable distribution and the distribution of intermutational distances observed in kidney were tested for equality by using the Kolmogorov-Smirnov (K-S) test. P values for the K-S test will be small when the assumptions of mutational uniformity and͞or independence are violated. An analogous method was used for T lymphocyte data. A second method of comparing expected observable and experimentally observed intermutational distance distributions was to perform a standard 2 test for goodness of fit for six different intermutational distance categories chosen to reflect the experimental data. The test was performed for all six categories simultaneously as well as for each individual category or bin.
The proportions of types of mutations by source were compared by using Pearson's 2 test or Fisher's exact test, as appropriate. Proportions of mutational sites that were unique for each data set were compared by using the same methods. The spectrum of HPRT mutations in kidney epithelium, peripheral blood T lymphocytes, or the germ line were compared by using the exact hypergeometric test, an extension of the Fisher exact test that is very reliable for analyses of the sparse tables encountered in this context (16) .
Significance levels for single nucleotide substitution mutation ''hotspot'' identification were determined under the null hypothesis that the N mutations in each data set had an equal probability of hitting any of the estimated 300 mutable and observable sites in the HPRT coding region. To calculate the P value for a potential hotspot, 10 6 data sets were generated under the null hypothesis for each observed data set, conditioning on N. The P value for X hits at a single position was taken to be the percent of data sets at which the maximum frequency reached or exceeded X.
Results
Kidney Epithelial Mutant Frequency and Spectrum. TG-resistant and control primary tubular epithelial cell clones were grown from kidney cortical tissue samples from 19 adult donors (age range 31 to 77 yr; Table 2 ). The colony-forming efficiency of kidney cortical cell suspensions (mean 2.4 ϫ 10 5 colonies͞g tissue) and the frequency of TG-resistant mutants (mean 1.9 ϫ 10 Ϫ4 ; Table  2 ) were comparable to previous results (2, 3). Ninety-six TGresistant mutants, as well as control clones from each donor, were isolated for HPRT mutation analyses: an average of five mutants͞donor (mean 4.9, range 1 to 15) were analyzed.
A majority of TG-resistant mutants (83͞96 or 86%) contained HPRT mutations. The remaining 13 mutants, from seven different donors, produced a normal-length RT-PCR product that contained no mutation in the HPRT ORF (Table 1 and Table 6 , which is published as supporting information on the PNAS web site). Base substitutions were 66% (55͞83) of the HPRT mutations identified in TG-resistant mutants (Table 1) . Substitutions were observed at 51 different HPRT cDNA positions and included all 12 base substitution types. Transitions and transversions (n ϭ 26 and 29, respectively) were equally frequent, but occurred preferentially at G:C base pairs (32 substitutions at G:C vs. 23 at A:T base pairs). Among the base substitutions five (5͞55, 9%) identify new human HPRT mutable sites and an additional four (4͞55, 7.3%) were new substitutions at known mutable sites (refs. 17 and 18; Fig. 1 ).
Deletions were the second most frequent mutation type identified in TG-resistant mutants (23͞83, 28%; Table 1 ). The most frequent deletion, of Ϫ1 bp, occurred preferentially at A:T base pair positions (11͞13 or 85%; Table 6 ). A majority of these Ϫ1-bp deletions (nine of 11, 82%) had not been reported before ( Fig. 1; ref. 18 ). Ten additional deletions of 2-29 bp are detailed in Table 6 . Several of these larger deletions occurred in or adjacent to short palindromic or direct repeat sequences (Table  6) . Large HPRT deletions, of Ն50 bp, have been documented in kidney and appear to represent approximately the same fraction Table 6 ). † Exon skip mutations that could not be fully characterized. ‡ TG-resistant mutants that lacked mutations in the HPRT ORF. of mutations in kidney as is T lymphocytes (Ϸ15%; refs. 2-4). These have not been fully characterized at the nucleotide sequence level and thus have not been included here. Additional mutations included two ϩ1-bp insertions and a ϩ17-bp insertion that was an exact, direct duplication of HPRT nucleotides c.580596; and c.7779ATCϾTT, observed once in each of two different donors. In contrast, two instances of apparent clonality, in which different mutants from the same donor contained identical HPRT mutations, were observed (mutants 55-012 and 64-079). Eight ''exon skip͞exclusion'' mutations that involved one or more HPRT exons were identified, but could not be fully characterized because of the lack of adequate genomic DNA samples.
Thirteen mutants that had a normal-length RT-PCR product but no mutation in the HPRT ORF were identified. Similar TG-resistant mutants have been identified in human peripheral blood T lymphocyte populations (see, e.g., ref. 5) and may arise in at least some instances as a result of HPRT regulatory mutations or gene silencing. Methylation can modulate HPRT gene expression (see, e.g., ref. 19) , and methylation-induced gene silencing of, e.g., the VHL (von Hipple-Lindau) tumor suppressor gene, has been documented in tubular epithelial cells (20) . It was not possible to rule out clonality in donors with multiple TG-resistant mutants that lacked HPRT mutations (mutants 58-011 and 68-004).
Multiple HPRT Mutations in Kidney
Mutants. An unexpectedly high fraction of TG-resistant kidney epithelial mutants contained multiple HPRT mutations. Multiple mutant clones were 7% (7͞96) of all mutants, contained 19% (16͞83) of HPRT mutations, and were found in six of 19 donors (Tables 3 and 6 ). In contrast, multiple HPRT mutations separated by Ͼ1 bp are rare (Յ0.3%) in human T lymphocyte and germ-line HPRT mutational spectra (5-9, 21). Kidney multiply mutant clones were not associated with donor age (P ϭ 0.96), gender (P ϭ 1.0), or donor type (transplant vs. nephrectomy; P ϭ 0.44). Six multiply mutant clones contained two different HPRT mutations: one pair of adjacent base substitutions flanking the exon 8͞splice donor junction, and five additional mutation pairs separated by from 2 bp to Ͼ25 kb in the HPRT gene. One mutant contained four different HPRT mutations, separated by from 14 bp to 4,864 bp, in four different HPRT exons (58-010; Table 3 ).
The distance between pairs of mutations in multiple mutant clones differed from the expected observable distribution for pairs of independent HPRT mutations ( Fig. 2A ; P ϭ 0.0018). A subset of these mutations were closely spaced: four of 12 mutation pairs were separated by an average of only 6 bp (range 1 to 14 bp), a significantly higher fraction than would be expected by chance alone ( Fig. 2B ; P ϭ 0.003). A second interesting feature of multiple mutations was molecular identity: the same base substitution (e.g., AϾG three times in mutant 58-010, or GϾA twice in mutant 65-014) was observed more often than would be expected by chance alone (P ϭ 0.0015), despite there being no difference in the overall distribution of base substitution types in mutants containing single or multiple mutations (P ϭ 0.18).
These unusual features of multiple mutations suggest that at least a portion may have a mechanistically linked origin, a conclusion reinforced by our failure to find individual mutations in multiple mutant clones in other mutants from the same donor. A recent analysis of multiple mutations in the lacI transgene of Big Blue mice also has identified what may be mechanistically linked mutations by using a statistical approach similar to ours (22) . In contrast, multiple HPRT mutations in normal peripheral blood T lymphocytes from patients treated for acute lymphocytic leukemia appear to have arisen sequentially and had an intermutation distance distribution that closely approximated the expectation for independent mutations (ref. 23 ; Fig. 2B ; P ϭ 0.79). Table 4 , with the exception of incompletely characterized exon skip mutations. Germ-line LN or HRH mutations were further divided for analyses because of differences in the stringency of selection: LN mutations resemble kidney and T lymphocyte mutations in severity, as they reduce HPRT protein production or enzymatic activity to Յ2% of wild-type levels, whereas HRH mutations are almost exclusively missense mutations that lead to retention of Ն10% of wild-type HPRT protein and activity levels (11, 21) . The use of a common RT-PCR͞DNA sequencing strategy to characterize most of the mutations summarized in *Mutant designations uniquely identify both the donor and mutant (see Table  6 ). Mutations are designated following Mutation Nomenclature Working Group guidelines (44) . Table 4 minimized mutation detection bias and provided comparable sets of mutations for subsequent spectrum and hotspot analyses (see below). There were significant differences in the proportion of HPRT base substitution mutations in kidney as compared with T lymphocyte set 1 (66% vs. 83%; P ϭ 0.002) or with HRH germ-line mutations (66% vs. 97%; P ϭ 0.0031). The difference in proportion of base substitutions in the two T lymphocyte data sets (83% vs. 62%) was significant (P ϭ 2.3 ϫ 10 Ϫ6 ), as was the difference between LN and HRH germ-line data sets (73% vs. 97%; P ϭ 0.01). There was a striking bias in deletions over insertions among somatic (kidney and T lymphocyte) as compared with germ-line HPRT mutations: 7 to 10.6:1 vs. 1.1:1, respectively (P ϭ 2.45 ϫ 10
Ϫ8
). The use of a hypergeometric test (16) to compare Table 4 base substitution mutational spectra indicated that the spectrum of kidney base substitutions was substantially different from that observed in T lymphocytes or LN germ-line data (P ϭ Յ10 Ϫ6 to 0.0541). Despite the significant difference noted above in the proportion of base substitutions in the two T lymphocyte data sets (83% and 62%), the spectrum of base substitutions in these data sets were similar (P ϭ 0.3159). Kidney and HRH germ-line mutation spectra were not significantly different (P ϭ 0.305); however, the small size of the data sets may have limited the power of this analysis.
A Monte Carlo analysis of Table 4 (8, 17, 18, 24) . Kidney base substitutions including the two most frequent were found at hotspot positions c.197, c.207212, c.508, and c.606. We could not formally identify hotspot positions in kidney as the total number of kidney base substitutions (n ϭ 55) was small, as were the maximum number of independent mutations at suspected hotspots (e.g., c.197, n ϭ 3). However, there was a significant difference in the proportion of kidney base substitutions at unique positions (51͞55, or 93%), as compared with either T lymphocyte (118͞288 and 57͞95, 41% and 60%) or LN germ-line mutations (89͞149 or 60%; P ϭ 6 ϫ 10 Ϫ12 to 4 ϫ 10 Ϫ5 ). In contrast, HRH germ-line mutations had a comparable fraction of base substitutions at unique positions (24͞28 or 86%, vs. 93% in kidney; P ϭ 0.43).
Mutagenesis might have interesting mechanistic features at several HPRT base pair positions in addition to those identified as hotspots. For example, all three types of base substitution and 1-bp deletion or insertion mutations were identified at c.125T and c.568G, in addition to the c.207-212G 6 hotspot, in both T lymphocyte and germ-line data. A second example was the occurrence of different molecular types of mutations in short sequence blocks of 3-7 nt; e.g., c.535539GTTGG (Ϫ1, Ϫ3, Ϫ4, and Ϫ24 dels and four different base substitutions among 18 mutations in four data sets) and c.610616CATGTTT (Ϫ1, Ϫ2, and Ϫ18 dels and eight base substitutions among 38 mutations in four data sets).
Discussion
We used a combination of primary epithelial cell cloning and DNA sequencing to determine the frequency and molecular spectrum of somatic mutations occurring in vivo in human kidney tubular epithelial cells. The impetus for this work came from the large body of data implicating somatic mutation in human cancer pathogenesis (reviewed in refs. 25 and 26) and the comparative lack of quantitative or molecular data on in vivo somatic mutation in normal human epithelial cells. Several features of the human HPRT gene facilitated this analysis. HPRT is X-linked, and thus a single active allele is transcribed in somatic cells. Mutations in this single active allele ranging from single base substitutions to megabase DNA rearrangements have been documented to convert the cellular phenotype to TG resistance, and the resulting mutant cells can be quantitatively recovered by simple purine analogue selections (27) . The HPRT gene and protein have been thoroughly characterized (11, 14, 15) , and a wide range of sequence information, probes, primers, and extensive databases of human HPRT mutation are available (17, 18) . This extensive background has facilitated mutational analysis using HPRT as a target, and the results of these analyses strongly suggest that HPRT reflects features of mutagenesis at many other chromosomal target genes in human somatic cells.
The high frequency and unusual spectrum of kidney HPRT mutations suggest that DNA damage or mutagenesis may be substantially different in kidney epithelium than in peripheral . Mutagenesis at three of the mutation hotspots we identified-c.143G, c.151C, and c.508C-appears to be largely the result of deamination of 5-methylcytosine in 5mCpG dinucleotides, leading to CϾT transitions (24) . Despite the clear importance of this mechanism for mutagenesis in both germ-line and T lymphocyte data (n ϭ 67), only one such mutation was identified in kidney (c.508CϾT). The absence of oxidative damage-or deamination-induced mutations in kidney suggests that other types of DNA damage, e.g., from endogenous reactive nitrogen species or circulating mutagens that are concentrated or metabolized in kidney, may be the most important sources of kidney epithelium somatic mutation (31) .
Several other differences in the spectrum of mutations among kidney, T lymphocyte, and germ-line mutations provide additional insight into lineage-specific differences in mutagenesis. For example, CpG hotspots such as c.508C are prominent in germ-line and somatic lineages, whereas others such as c.151C are prominent only in germ line or, in the case of c.143G, only in T lymphocytes. Other hotspots such as c.197G are prominent in somatic lineages, but absent from germ line. A third example was the striking asymmetry in the ratio of deletions to insertions: deletions are strongly favored in somatic lineages, as compared with the germ line where equal proportions of deletions and insertions were observed (Table 4) . Moreover, Ϫ1-bp deletions were favored over larger deletions in kidney although not in T lymphocytes (57% versus 40%).
The mutational data in Table 4 also helped us to identify sequence contexts that may be important for promoting specific types of in vivo mutations in the HPRT gene. For example, all three types of base substitution as well as insertion or deletion mutations were identified at single base pairs (e.g., c.125T or c.566G) that reside in sequence blocks that might be prone to strand slippage or misalignment during DNA replication or repair synthesis (e.g., c.122128TAATTAT and c.564569TAGGAT). Other hotspots whose sequence context might promote misalignment-mediated mutagenesis include c.197G, the first G in a (TG) 3 dinucleotide run, and the c.207212G 6 mutational hotspot. A third example, from kidney, was the ϪA deletion from c.426427AA found in the sequence block CAAAACAATG. This single base deletion was observed in three different kidney tissue donors (53-008, 58 -010, and 62-027) although not in T lymphocytes or the germ line. Complex mutational events such as these might be promoted by high levels or specific types of DNA base damage in conjunction with promutagenic DNA sequence contexts (32, 33) .
The spectrum of kidney epithelial HPRT mutations included a surprisingly high fraction of multiple mutations. A better understanding of mechanistic pathways that generate multiple mutations are of particular interest in the context of mutationdriven disease processes such as neoplasia. One mechanism that could generate closely spaced multiple mutations is the replication of unusual types of DNA damage or clustered sites of damage (e.g., oxidative damage). Recently identified errorprone, lesion-replicating DNA polymerases might play an important role in this process (33) (34) (35) (36) , although nothing is known as yet about the role of these polymerases in generating mutations in human kidney epithelial cells.
Repetitive strand slippage or misalignment during DNA synthesis, as noted above, could also generate multiple, closely spaced mutations (33) . However, among the somatic and germline HPRT mutations summarized in Table 4 , multiple mutations have thus far been observed almost exclusively in kidney epithelium and appear to arise in kidney by a mechanism other than strand slippage or templating. The nonuniform distribution of expected distances between pairs of independent HPRT mutations emphasizes the need to test experimental data against expectation to identify mutations that may have arisen by any concerted mutagenesis mechanism (Fig. 2) .
Cell division potential and somatic selection, in addition to DNA damage, are likely to be important determinants of mutant Base substitutions  55  66  288  83  95  62  149  73  28  97  Transitions  26  31  152  44  42  27  88  43  19  66  Transversions  29  35  136  39  53  35  61  30  9 Table 4 are available as an annotated spreadsheet from the authors.
frequency and mutational spectrum in many human cell lineages. Mammalian kidney tubular epithelial cells retain cell division potential and appear to divide throughout life. This largely latent cell division potential can be readily revealed by tubular injury (37, 38) . Slow mitotic cycling may allow large numbers of tubular epithelial cells to capture DNA damage as somatic mutations during life, while retaining the potential for further clonal expansion. The retention of cell division potential by a majority of tubular epithelial cells differs markedly from many other epithelia, e.g., skin or gut (38) , but makes good ''design sense:'' it provides an efficient way to continually replace small numbers of injured or dead epithelial cells throughout the nephron or kidney functional unit. Somatic mutations that arise in the HPRT gene as part of this renewal program are likely to have long persistence times, as there appears to be little or no somatic selection against HPRT-deficient cells in mammalian kidney cortex (39) . These features of the normal biology of kidney tubular epithelial cells may thus conspire to facilitate mutagenesis, and to promote somatic mutation accumulation, over time. The high-frequency, age-dependent increase and unusual spectrum of somatic mutations in tubular epithelial cells suggest that somatic mutation may play a role in human kidney disease pathogenesis. For example, somatic mutation accumulation could promote decrements in tubular function or nephron number that accompany aging (reviewed in ref. 40) . Somatic mutations could also promote tubular epithelial proliferative diseases such as polycystic kidney disease (41) or neoplasia (20, 42) . The renal cortical cysts of inherited polycystic kidney disease, the common benign adenomas that increase in frequency and size with age (43) , and renal cell carcinoma, the most common kidney epithelial malignancy, all arise from tubular epithelial cells (20, 42) . It will be important to determine whether kidney tubular epithelium ref lects the landscape of somatic mutation in other human epithelial cell lineages. Human epithelial mutagenesis mechanisms may be more interesting than previously thought and the role of somatic mutation in epithelial disease pathogenesis more important than currently appreciated.
